Introduction
Invasive species cause major environmental damage, and associated economic losses can amount to billions of dollars per year (Pimental et al. 2002) . Environmental damage caused by invasive species manifests itself through biodiversity reduction and species extinctions because exotics displace and reduce populations of native species (Kupferberg 1997; Wilson 1997) , modify trophic structures within communities (Holland 1993) , or induce perturbations, crippling healthy ecosystems (Vitousek et al. 1996) . Economic losses occur because of the costs of border inspections to prevent incursion by unwanted species, eradication programs, ongoing control, reduced productivity, and habitat restoration (Pimental et al. 2002) .
Sources and introduction routes of invasive organisms are varied and include the following: (1) accidental introductions via commerce and human travel, (2) global trade in living organisms (e.g., nursery, pet, and aquarium industries), (3) acclimatization societies that promote hunting and fishing of exotic animals that are mass-reared and redistributed as game; and (4) farming (e.g., animals and annual and perennial plants). Invasions by pestiferous organisms via these routes are generally unplanned, and subsequent management often involves reactive strategies to deal with incipient or existing pest problems and may include localized eradication or suppression efforts with pesticides, imposition of regional quarantines, or biological control. Biological control is a fifth invasion route for exotic organisms. Science-based biological control programs are deliberate and carefully orchestrated attempts to establish perennial exotic populations to reduce densities of target pest species with upper-level trophic organisms. Worldwide, classical biological control projects have resulted in more than 5000 introductions for control of pestiferous arthropods and over 900 for weed control (Hill & Greathead 2000) . This pest-control technology has been successful in controlling some weed, arthropod, and vertebrate pests. There is growing disquiet, however, over unplanned effects on native organisms by introduced biological control agents, and this has raised concerns that the environmental safety of this pest-control practice may not be as risk-free as previously thought (Howarth 1991 (Howarth , 2000 Follet & Duan 2000; Henneman & Memmott 2001; Lockwood et al. 2001; Wajnberg et al. 2001) .
My intent is to provide background on biological control, demonstrate that biological control is a valuable tool for managing invasive species of conservation importance, and suggest that this technology deserves consideration and greater application in the battle against new groups of exotic pests that have not been targets of biological control in the past.
The Practice of Biological Control
Biological control is the intentional use by humans of parasitoid, predator, pathogen, antagonist, or competitor populations to suppress a pest population, thereby making the pest less abundant and damaging than it would be in the absence of these organisms (DeBach 1964; Van Driesche & Bellows 1996) . Most biological control programs address the following simple premise: an exotic organism becomes an invasive pest, in part, because it has left behind the guild of natural enemies that regulated its population growth in its home range. Biological control is an exercise in community re-assemblage and involves the addition to the invaded habitat of new species that use the invasive pest as a resource.
Usually, few native natural enemies attack an adventive pest, and those that do are native generalist predators or herbivores that have utilized other resources in the environment prior to the arrival of the pest. In most cases, extant native organisms in the upper trophic level are not adversely affected by the introduction of specialized natural enemies because they can utilize other pre-existing resources for survival. With successful biological control programs, both the pest and the specialized natural enemy decline in abundance over time and reach densities similar to those seen in the pest's home range (Bellows 2001) .
Biological control has been used as a management tool for control of crop, rangeland, and forest pests and for the restoration of natural systems affected by adventive pests (Van Driesche 1994) . Classical biological control programs are those that attempt to reassociate natural enemies from the pest's home range, and they involve the following steps: (1) correct identification of the adventive pest; (2) foreign exploration for specialized natural enemies in the pest's home range; (3) importation into a secure quarantine facility and removal of pathogens, parasites, and hyperparasites that attack candidate natural enemies; (4) host-specificity testing in quarantine, and (5) mass rearing, establishment, redistribution, and impact monitoring of imported biological control agents following release their from quarantine (Van Driesche & Bellows 1993 ).
The addition of exotic natural enemies to the environment has three primary impacts on the target system: (1) the number and function of food web links that connect the pest to other members of the community are permanently changed; (2) natural enemies can radically reduce pest densities and alter population dynamics; and (3) reduction in pest density by natural enemies changes the community structure of the affected system. In successful biological control programs, reduction of pest densities and recovery of adversely affected flora or fauna lead to a system with a community structure similar to that seen before the invasion of the pest (Bellows 2001; Headrick & Goeden 2001) . Following their establishment, successful natural enemies can provide enduring pest control; replicate and disperse without continued human management, and persist when pest populations are stabilized at very low densities. Highly successful biological control programs against noxious insects, weeds (aquatic and terrestrial), plant pathogens, and vertebrates have been executed (see chapters in Bellows & Fisher 1999; also Gurr & Wratten 2000) .
Economic and Environmental Benefits of Biological Control
A compelling motivation for adoption of biological control is potentially a permanent return to ecological conditions more similar to those seen before the arrival of the invasive pest and reduced ongoing expenditure for pesticides, labor, and specialized equipment. Economic analyses indicate that cost-benefit ratios for successful biological control of arthropod pests are high, can exceed 145:1, and accrue annually (Norgaard 1988; Jetter et al. 1997) .
Comparisons of costs for biological control programs indicate that benefits amassed from successful projects outweigh the combined costs of unsuccessful projects, even though the latter are more numerous. For example, just 10% of arthropod biological control programs have provided full control of the target pest . For weed programs, less than 30% of projects have resulted in either total or partial control of the target (Syrett et al. 2000a) . Projects sponsored by the Australian Center for International Agricultural Research had a cost-benefit ratio of 13.4:1 for 10 projects that spanned 1983-1996, even though just 4 of these projects were documented successes (Lubulwa & McMeniman 1998) .
Biological control of agricultural pests can indirectly benefit native wildlife through the reduction of pesticides released into the environment because of natural enemy suppression of economically important targets. The acute impact of insecticides on wildlife because of aerosol drift from agricultural areas, runoff into waterways, food-chain accumulation, or indiscriminant application has been well documented and was brought to the public's attention 40 years ago (Carson 1962 ). An insidious, chronic, side-effect from pesticide use that has been recently postulated is the potential ability of synthetic chemical pollutants in the environment to accumulate in the bodies of vertebrates, including humans, where these sequestered compounds mimic or block the actions of endogenous hormones, thereby causing wildlife declines, reproductive ailments, and behavioral abnormalities (Colborn et al. 1997; Schettler et al. 1999; Krimsky 2000) .
An additional ecological benefit to indigenous organisms resulting from successful biological control can be the reduction of generalist natural enemies that maintain high population densities by utilizing an abundant exotic pest without providing control. These generalists subsequently "spill over" onto lower-density, nonpestiferous or desirable native species, causing abnormally high mortality rates; this phenomenon is termed apparent competition (Holt & Lawton 1993; Holt & Hochberg 2001) . Under conditions of apparent competition, density-dependent regulation of ineffective generalist natural enemies does not occur and populations of nontarget species can decline (Bonsall & Hassell 1998) .
Effects on Nontarget Species and Biota Dilution Resulting from Biological Control Programs
Natural enemies that exhibit high levels of host and habitat fidelity ensure strong links and maximal impact on the target species, while ensuring weak links and minimal impacts to nontarget species. When biological control projects stray from this fundamental ecological principle of high host specificity, or when the technology is applied without ecological justification to poorly chosen pest targets (e.g., neoclassical biological control attempts to utilize exotic natural enemies to suppress native pest populations and the theoretical basis for this practice differs markedly from classical biological control [Hokkanen & Pimental 1989; Lockwood 1993] ), then undesired outcomes such as effects on nontarget species and lack of control are more likely to occur. Generalist natural enemies lack high levels of host and habitat specificity and are frequently cited as examples of the inherent and unpredictable risks associated with releasing biological control agents because of their adverse effects on native organisms and lack of impact on the pestiferous target (Howarth 1983 (Howarth , 1991 Simberloff & Stiling 1996; Stiling & Simberloff 2000) . Although nontarget attacks by natural enemies, in particular parasitoids, have been documented (Boettner et al., 2000; Henneman & Memmott 2001; Benson et al. 2003a) , strong experimental evidence also exists that deliberately released generalist natural enemies have not been responsible for population declines of nontarget species, as has previously been suggested (Barron et al. 2003; Benson et al. 2003b ). Database analyses indicate that pronounced nontarget population changes brought about by deliberately released arthropod biological control agents are low (approximately 1.5% of projects have data on the realized field specificity of agents). This result is due, in part, to a lack of carefully planned studies that have sought specifically to quantify the effect of natural enemies on nontarget organisms. This shortcoming needs to be addressed to ensure that nontarget organisms are not at undue risk and that legislation governing the introduction of biological control agents supports responsible projects (Lynch et al. 2001) . Although the exact ecological impact of biological control agents on native invertebrate populations is often uncertain, detailed studies that use trophic spectra analyses (i.e., food webs) could be a powerful way to determine the effects of natural enemies on the communities into which they are introduced (Memmott 2000; Henneman & Memmott 2001; Strong & Pemberton 2001) .
Examination of the commonly cited "rogue" biological control agents presented in Table 1 demonstrates that these biological control projects were ill conceived, not necessarily because the pests were unsuitable targets but primarily because the natural enemies selected had very broad host ranges and substantial nontarget impacts should have been predictable. In some instances, agricultural interest groups (e.g., sugar cane growers, ranchers, and farmers) carried out the projects listed in Table 1 with little or no scientific grounding, and government oversight was lax either because of noninvolvement or lack of regulatory infrastructure (i.e., governing legislation) through which to identify suitable targets and assess the safety of imported natural enemies before their release or their subsequent redistribution following establishment.
Selection of natural enemies with narrow host ranges protects nontarget species because physiological, behavioral, ecological, or geographical attributes make native organisms unsuitable for exploitation by natural enemies (Strand & Obrycki 1996; Frank 1998) . Furthermore, high levels of host specificity on the part of natural enemies ensure that, as social climates change, the perceived benefit of the natural enemy for pest control will not wane unless the perceived value of the pest changes. Host-range expansion by specialized natural enemies to exploit novel hosts through evolutionary adaptation is considered rare (Nechols et al. 1992; Onstad & McManus 1996) . One possible reason for the low probability of host shifts occurring with specialized natural enemies is canalization, the capacity to regulate developmental pathways against genetic mutation and environmental perturbations. Canalization results in stabilizing selection that preserves the phenotypic and genotypic status quo of the population (Debat & David 2001) . As a result, the more specialized or complex the system under selection, the greater the degree of canalization and subsequent robustness to change (Siegal & Bergman 2002) . Consequently, canalization of networks (e.g., genetic regulation of behavior and physiology) controlling host range for generalist natural enemies may not be as rigid as that of specialist natural enemies and may be more likely to evolve over time. Although documented host shifts and host-range expansions by some types of natural enemies are rare, such possibilities may warrant consideration, and increased research effort could help in predicting the likelihood of such events by biological control agents (Secord & Kareiva 1996; Simberloff & Stiling 1998; Howarth 2000) .
Introductions of biological control agents have also been criticized for diluting endemic biodiversity and contributing to homogenization of global biota. In New Zealand, 13% of the country's insects are exotic. Of these exotic species, 2.5% have been intentionally introduced for biological control, and these natural enemies comprise 0.35% of New Zealand's total insect fauna. Intentional introductions of natural enemies are negligible in comparison to the numbers of adventive insects established in New Zealand. Consequently, biological control agents are not considered a major source of biological pollution diluting native biodiversity (Emberson 2000) . Similarly, for the contiguous 48 U.S. states, deliberate establishment of new species of exotic natural enemies constitute <0.25% of the described insect fauna (Sailer 1978) .
The Safety Net: Regulating the Introduction of Natural Enemies
The importation of candidate biological control agents by scientists into most countries is regulated, and highly secure quarantine facilities are used to contain, screen, and test the safety of candidate natural enemies prior to release. Government-level clearances are needed to move organisms from quarantine to less secure facilities for mass rearing and eventual release. In contrast, such procedures are generally not required for the importation of the exotic and potentially invasive aquatic, terrestrial, and arboreal species that constitute the pet, nursery, and aquarium trades, especially in the United States Hawaii, 1955; Tahiti, 1974; Moorea, 1977; New Caledonia, 1978; Guam, 1957; Vanuatu, 1973; Papua New Guinea, 1952; Japan, 1958; Taiwan, 1960; Madagascar, 1962; Seychelles, 1960; Mauritius, 1961; Reunion, 1966; India, 1968; Bermuda, 1958 Order 11987 (1977) to restrict the introduction of exotic species into natural ecosystems unless it has been shown that there would be no adverse effects. Despite these regulations, the United States does not have an encompassing "biological control law" and no legal mandate or agency to explicitly oversee the importation and release of exotic organisms (Howarth 2000) .
New Zealand has one of the most stringent legislative requirements for importation of potential biological control agents. The Hazardous Substances and New Organ- floating water weed, chokes lakes and slow moving rivers in Africa, the southeast U.S., and Papua New Guinea, disrupts visual color-based mating systems in cichlid fishes in Lake Victoria in east Africa due to reduce light quality caused by weed mats Galis & Metz 1998; Van Thielen 1994 isms Act of 1996 has greatly increased the obligations incumbent on proponents of new biological control agents, requiring them to provide adequate data on which to base approvals for importation and release ( Fowler et al. 2000) . This legislation provides a solid framework within which risks and benefits of proposed natural-enemy introductions can be weighed and decisions made in accordance with presented data. The Environmental Risk Management Authority administers the review process for the importation and release of biological control agents in New Zealand.
International agreements designed to prevent the process of introducing biological control agents from causing economic and environmental damage may lead to increased restrictions on the release of natural enemies. The Food and Agriculture Organization's International Code for the Import and Release of Exotic Biological Control Agents was approved by all member states in 1995, and these guidelines should be adopted worldwide. Under the provisions of this code, not only must approval for the introduction be gained from the government of the importing country, but other countries in the region must also be consulted because natural enemies may cross international boundaries. The host range of the proposed 
Biological Control Programs in Support of Conservation
Following a failure to prevent species incursion, and subsequent eradication of incipient pest populations, biological control is perhaps the best-and in some instances the only-technology available for the management and restoration of ecosystems degraded by exotic invasive species. Suppression of weeds in natural areas is the most prominent application of biological control in support of conservation, and examples are numerous. The practice has grown out of earlier use of weed biological control for range and agricultural management (McFadyen 1998) ( Table 2 ). Invasive arthropods that threaten native flora and fauna have recently become subjects of biological control programs (Table 3) . Biological control projects for arthropod pests of natural areas have not been evaluated in terms of economic costs and sociological benefits to conservation. This will undoubtedly change as the success of recently initiated projects is evaluated and the numbers of new projects increase.
New Targets and Novel Biological Control Techniques
Use of specialized natural enemies in the context of a classical biological control program against nonmammalian vertebrates and freshwater and marine invertebrates is nonexistent because there are no precedents for these groups, and specialists studying these invasive organisms may be unfamiliar with the concept of biological control and the benefits it offers. This situation is beginning to change, however, and "nontraditional" pests are now being studied as candidates for biological control (Table 4) . Vertebrate pests, especially mammals, have proven notoriously difficult to control because of their ability to learn and their secretive habits. The use of generalist vertebrate predators to control vertebrate pests has exacerbated many problems because the biological control agents have in turn become problematic (Table 1 ). Many vertebrate species that become pests are distinguished from nonpestiferous species by their higher intrinsic rates of increase. Agents that reduce vertebrate reproductive rates without causing mortality are receiving increased attention because this approach may present fewer risks to nontarget species. For example, sexual transmission of diseases may guarantee host specificity in biological control programs against vertebrate pests, and the potential of genetically engineering sexually transmitted viruses to sterilize infected hosts without killing them is being investigated as a novel biological control technology (Barlow 1994) . Immunocontraception (also referred to as immunosterilization) as a means to control noxious vertebrates (e.g., foxes, rabbits, and mice) is being actively pursued by Australia and New Zealand (McCallum 1996) . An alternative approach to immunocontraception is to use genetically modified pathogens to prevent lactation in females so that juveniles are not successfully weaned or to interfere with hormonal control of reproduction ( Jolly 1993; Cowan 1996; Rodger 1997 
Conclusions
The rate at which invasive species degrade valued habitats continues to accelerate, and human management is essential if areas and species of conservation importance are to be preserved. In many instances, biological control may be the best management tool for these problematic organisms. Biological control projects should be designed and executed within a regulatory framework that requires peer-reviewed assessment of the need for biological control of the proposed target, project feasibility, and determination of what data are acceptable for demonstrating host specificity and the potential magnitude of impact on target and nontarget populations. Approved projects subject to this level of scrutiny will cost more to execute, and a balance needs to be reached that ensures the safety standards of biologically feasible projects are met without making these projects economically infeasible. Location, selection, and evaluation of natural enemies are difficult and require the expertise of highly trained scientists, overseas collaborators, and complex quarantine and research facilities, and projects can span many years before suitable natural enemies are located and cleared for release. Consequently, the desire for quick fixes to pest problems has prompted agriculturists and land mangers to side-step these rigorous procedures and import generalist natural enemies that have high probabilities of establishment, voracious appetites, and weak associations with the target pest. Such reckless practices cannot be considered science-based biological control programs.
Biological control is a technology that can greatly benefit conservation efforts, and-given the devastating impacts of an ever-increasing multitude of invasive organisms-the risks of doing nothing are unacceptably high. Well-targeted biological control projects can make a real difference in the battle against the stealth destroyers of the world's wilderness areas.
